The cysteinyl leukotrienes (cys-LTs) are proinflammatory lipid mediators acting on the type 1 cys-LT receptor (CysLT 1R) to mediate smooth muscle constriction and vascular permeability. GPR17, a G protein-coupled orphan receptor with homology to the P2Y and cys-LT receptors, failed to mediate calcium flux in response to leukotriene (LT) D 4 with stable transfectants. However, in stable cotransfections of 6؋His-tagged GPR17 with Myc-tagged CysLT 1R, the robust CysLT 1R-mediated calcium response to LTD4 was abolished. The membrane expression of the CysLT 1R analyzed by FACS with anti-Myc Ab was not reduced by the cotransfection, yet both LTD 4-elicited ERK phosphorylation and the specific binding of [ 3 H]LTD4 to microsomal membranes were fully inhibited. CysLT1R and GPR17 expressed in transfected cells were coimmunoprecipitated and identified by Western blots, and confocal immunofluorescence microscopy revealed that GPR17 and CysLT 1R colocalize on the cell surface of human peripheral blood monocytes. Lentiviral knockdown of GPR17 in mouse bone marrow-derived macrophages (BMM⌽s) increased both the membrane expression of CysLT 1R protein by FACS analysis and the LTD4-elicited calcium flux in a dose-dependent manner as compared with control BMM⌽s, indicating a negative regulatory function of GPR17 for CysLT 1R in a primary cell. In IgE-dependent passive cutaneous anaphylaxis, GPR17-deficient mice showed a marked and significant increase in vascular permeability as compared with WT littermates, and this vascular leak was significantly blocked by pretreatment of the mice with the CysLT 1R antagonist, MK-571. Taken together, our findings suggest that GPR17 is a ligand-independent, constitutive negative regulator for the CysLT 1R that suppresses CysLT1R-mediated function at the cell membrane.
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inflammation ͉ knockout mice ͉ lipid mediator ͉ macrophage T he cysteinyl leukotrienes (cys-LTs), leukotriene (LT) C 4 , LTD 4 , and LTE 4 , are proinflammatory mediators generated by the 5-lipoxygenase (5-LO) pathway after activation of particular bone marrow-derived cells to release arachidonic acid from the phospholipids of the outer nuclear membrane. In the presence of the 5-LO-activating protein (1, 2), 5-LO converts arachidonic acid to LTA 4 (3) , which can be conjugated to reduced glutathione to form LTC 4 by an integral trimeric nuclear membrane enzyme, LTC 4 synthase (4 -6). After energydependent export of LTC 4 , glutamic acid and glycine are sequentially cleaved by ␥-glutamyl transpeptidase (7) or ␥-glutamyl leukotrienase (8) and dipeptidases (9, 10) to form LTD 4 and LTE 4 , respectively. The cys-LTs are implicated in human bronchial asthma by their pharmacologic actions to constrict airway and vascular smooth muscle (11) (12) (13) and by the clinical efficacy of agents that block 5-LO or the type 1 receptor for the cys-LTs (CysLT 1 R) (14, 15) .
Two types of human receptors for the cys-LTs, designated CysLT 1 R (16) and CysLT 2 R (17), which belong to the 7-transmembrane, G protein-coupled receptor family, were cloned and shown to be 38% homologous in their amino acid sequences. The radio-labeled ligand-binding assay using microsomal membranes from CysLT 1 R and CysLT 2 R transfectants revealed the rank order of affinities of the cys-LTs for the CysLT 1 R and the CysLT 2 R to be LTD 4 Ͼ LTC 4 Ͼ LTE 4 and LTC 4 ϭ LTD 4 Ͼ LTE 4 , respectively. The findings that these receptors are expressed not only on human smooth muscle but also on bone marrow-derived cells of the innate and adaptive immune systems revealed a potential for involvement of the cys-LT/CysLTR pathway in the infiltrating cells of the inflammatory response (18, 19) . We and others subsequently reported that the mouse CysLT 1 R can function as a receptor for LTD 4 in transfected cells with a ligand preference similar to that of the human CysLT 1 R (20, 21) and that the mouse CysLT 2 R exhibits a ligand profile of LTC 4 Ն LTD 4 Ͼ LTE 4 (21, 22) . Targeted disruption of LTC 4 synthase, CysLT 1 R, and CysLT 2 R in mice confirmed the function of the cys-LTs in vascular smooth muscle and in the cellular aspects of allergic or chronic fibrotic pulmonary injury (23) (24) (25) (26) (27) ). An additional receptor in porcine pulmonary arterial rings that is responsive to LTC 4 and LTD 4 , but not LTE 4 , has been recognized by differential pharmacologic responses or resistance to available receptor antagonists on various smooth muscle preparations (28, 29) . Presumptive evidence for the existence of a particular LTE 4 receptor was suggested by pharmacologic studies with guinea pig tissues (30) and has recently been supported by the demonstration of LTE 4 -mediated vascular permeability in mice lacking both the CysLT 1 R and the CysLT 2 R through targeted disruption and crossbreeding (31) .
A G protein-coupled orphan receptor, GPR17 (originally called ''R12''), was cloned by homologous screening in human genomic DNA with the chemokine IL-8 receptor (32) . Subsequently, R12 and its variant form of cDNA were cloned by homologous screening in a human hippocampus cDNA library with the nucleotide chicken P2Y 1 and murine P2Y 2 receptors (33) . Phylogenic analysis for P2Y-related receptors revealed that human GPR17 is homologous to the CysLTRs (34), with an amino acid sequence that is 31% and 36% identical to that of the human CysLT 1 R and CysLT 2 R, respectively. Human GPR17 also is 90.3% identical to both mouse and rat orthologs in amino acid sequence (34) . Human, rat, and mouse GPR17 have recently been identified as dual receptors for uracil nucleotides and the cys-LTs, LTC 4 , and LTD 4 , based on [
35 S]GTP␥S binding assays with transfectants (34, 35) . The original report (34) also showed by single-cell calcium imaging that 1321N1 cells and COS-7 cells expressing human GPR17 could respond to 100 nM of LTD 4 and to 100 M of UDP-glucose.
We began a study of mouse GPR17 seeking a novel receptor for LTE 4 . However, we could not obtain significant calcium flux to 1 M of LTC 4 , LTD 4 , or LTE 4 in stable human and mouse GPR17 transfectants using 1321N1, CHO, and HEK-293T cells as hosts. In addition, 1321N1 cell clones stably expressing mouse GPR17 did not respond to 100 M of UDP-glucose. Since heterodimerization of G protein-coupled receptors modulates expression and/or function either negatively (36, 37) or positively (38, 39) in various transfectants, we considered the possibility that GPR17 may associate with CysLT 1 R to control its calcium signaling function. Here we show that GPR17 may function as a negative regulator for the CysLT 1 R response to LTD 4 not only in cotransfection of transformed cells but also constitutively in primary cells in which its knockdown resulted in increased membrane expression and LTD 4 -mediated function of CysLT 1 R. We provide physiologic evidence for this regulatory role of GPR17 by demonstrating that the vascular leak following IgEdependent, mast cell-mediated passive cutaneous anaphylaxis (PCA) is significantly increased in GPR17-deficient mice and that this response is blocked by administration of a CysLT 1 R antagonist.
Results and Discussion
Cotransfection with GPR17 Inhibits the Function but Not the Membrane Expression of the CysLT1R. After failing to find that LTD 4 initiated calcium flux in a variety of cell lines transfected with 6ϫHis-GPR17 and expressing membrane protein detected by FACS analysis with mouse monoclonal anti-6ϫHis Ab (data not shown), we considered that GPR17 might influence CysLT 1 R expression and function. We established 12 independent 1321N1 clones stably expressing Myc-tagged mouse CysLT 1 R with or without mouse 6ϫHis-tagged GPR17. FACS analysis showed that 6ϫHis-GPR17 protein was expressed in all clones as assessed by staining with anti-His Ab in nonpermeabilized cells [supporting information (SI) Fig. S1 A] and that the GPR17 expression did not alter the cell surface expression of the Myc-tagged CysLT 1 R in replicate stable transfectants (Fig.  S1 A) . The clones that expressed Myc-tagged CysLT 1 R alone and were labeled with fura-2 responded to 0.001, 0.01, 0.1, and 1 M of LTD 4 in a dose-dependent manner (Fig. 1A Left) , as previously reported (20) . In contrast, as depicted for the highest dose of LTD 4 (1 M), there was no CysLT 1 R-mediated calcium signal in clones coexpressing GPR17, although they responded to 100 M of histamine used as a positive control for function of a constitutive receptor (40) (Fig. 1 A Right) . Inhibition of the CysLT 1 R response to LTD 4 by coexpression of GPR17 was significant (P Ͻ 0.005) at all doses of LTD 4 as compared to CysLT 1 R alone (Fig. 1B) . Repetition of these transfection protocols 3 to 5 times in CHO or HEK-293T cells again showed a robust dose-dependent response to LTD 4 (0.001, 0.01, 0.1, and 1 M) with CysLT 1 R alone, and no response to these doses of LTD 4 with GPR17 cotransfection or GPR17 alone (data not shown). We also examined the effect of coexpression of GPR17 with CysLT 1 R in stable 1321N1 transfectants on another ligand, LTC 4 . We again observed loss of the CysLT 1 R-mediated calcium flux function (Fig. S1B) .
To exclude the possibility that only LTD 4 nonresponsive, stable cotransfectants had selectively survived, we performed the same experiments in 1321N1 cells transiently expressing Myc-tagged mouse CysLT 1 R, 6ϫHis-tagged mouse GPR17, or both together. We observed that the CysLT 1 R/GPR17 coexpression did not alter the cell surface expression of the Myc-tagged CysLT 1 R or of the 6ϫHis-tagged GPR17 as compared to single transient transfectants but that it completely inhibited the LTD 4 -induced, CysLT 1 R-mediated calcium signal ( Fig. S2 A and B) . The control response to histamine-induced calcium flux was intact (Fig. S2B ). These findings indicate that GPR17 expression inhibits the CysLT 1 R response to LTD 4 without affecting cell surface expression of CysLT 1 R or the function of a constitutive receptor.
Cotransfection with GPR17 Inhibits CysLT1R-Mediated ERK Phosphorylation in Response to LTD4. To further assess the effect of cotransfection with GPR17 on CysLT 1 R functions, we performed ERK phosphorylation assays (41) in CHO cell stable transfectants expressing CysLT 1 R with or without GPR17. The bands corresponding to phospho-p44/42 ERK were detected in the cells expressing CysLT 1 R alone after 10-min stimulation with 1 M (Fig. 2A) or 0.01 M (data not shown) of LTD 4 , but not in the cells coexpressing CysLT 1 R and GPR17. These findings indicate that GPR17 expression inhibits the CysLT 1 R response to LTD 4 for not only the calcium signaling but also the ERK signaling pathway, which leads to induction of cytokines/ chemokines (41) . It should be noted that we did not detect any LTD 4 2B, Left) . This binding was prevented by inclusion of excess cold ligand, thereby indicating its specificity as we had previously demonstrated (20) . In contrast, there was no total or specific [ 3 H]LTD 4 binding in microsomal membranes from clones cotransfected with GPR17 and CysLT 1 R (Fig. 2B, Right) . The cell surface expression of CysLT 1 R with and without GPR17 cotransfection was similar by FACS analysis with rabbit polyclonal anti-CysLT 1 R peptide Ab (RB34) (Fig. 2B, Insets) . There was no [ 3 H]LTD 4 specific binding in microsomal membranes from stable clones expressing GPR17 alone (data not shown). Specific [ 3 H]LTD 4 binding on microsomal membranes expressing CysLT 1 R was not inhibited when they were mixed with microsomal membranes from clones expressing only GPR17, indicating that GPR17 needed to be coexpressed with CysLT 1 R to suppress its ligand binding (data not shown). [ 3 H]LTD 4 binding was also robust in 1321N1 cells transiently expressing Myctagged mouse CysLT 1 R and absent with co-transfection with 6ϫHis-tagged GPR17 (Fig. S2C ).
CysLT1R and GPR17 Coimmunoprecipitate in CHO Cells Cotransfected with both Receptors. To determine if GPR17 can physically interact with CysLT 1 R, we used a fusion protein of mouse GPR17 and the YFP (GPR17-YFP) and a Myc-tagged-mouse CysLT 1 R (CysLT 1 R-Myc). The GPR17-YFP and CysLT 1 R-Myc constructs were transiently transfected alone or in combination into CHO cells, and the cell lysates were immunoprecipitated with mouse anti-Myc mAb or with rabbit antiserum against GFP, which recognizes denatured recombinant GFP and YFP. The immunoprecipitates were separated by SDS/PAGE and analyzed by Western blot. Mouse anti-GFP mAb (JL-8) was used for Western blots of the immunoprecipitates obtained with anti-Myc Ab, and rabbit polyclonal anti-Myc Ab was used for immunoprecipitates obtained with anti-GFP Ab. We detected bands corresponding to dimers at Ϸ70 kDa for CysLT 1 R-Myc and Ϸ120 kDa for GPR17-YFP only in immunoprecipitates prepared from the cells cotransfected with CysLT 1 R-Myc and GPR17-YFP (Fig. 3 A and B, lane 4) . We only detected the bands corresponding to each monomer when we oversaturated the signals, suggesting that the major form of both receptors for interaction may be dimers that can progress to oligomers as observed in bands with higher molecular weights. The direct Western blots of these lysates show comparable bands. These findings indicate that GPR17 and CysLT 1 R can form heterodimers or heteromultimers. conjugated anti-rabbit IgG (red) and FITC-conjugated anti-goat IgG (green), showed discrete colors, while analysis by confocal immunofluorescence microscopy showed a pseudocolored yellow-white signal resulting from the merged immunostained images with red and green signals. Both GPR17 and CysLT 1 R were dominantly expressed on the plasma membrane and they were partially colocalized (Fig. 3C , merged image).
GPR17 Silencing in BMM⌽s Increases CysLT1R Expression and Function.
To seek a regulatory function of GPR17 in primary cells, we used shRNA interference by the lentivirus system to knock down GPR17 expression in mouse bone marrow-derived macrophages (BMM⌽s). This cell type expressed both GPR17 and CysLT 1 R as assessed by RT-PCR (Fig. 4A) . Quantitative RT-PCR revealed that lentivirus infection with 2 of 5 shRNA constructs (TRCN124057 and TRCN124056) effectively suppressed the GPR17 mRNA expression in BMM⌽s by about 70% and 40%, respectively (Fig. 4B) . Mouse BMM⌽s were then infected with lentivirus particles carrying a control vector or the GPR17-knockdown constructs and cultured for 72 h. FACS analysis with anti-CysLT 1 R peptide Ab (RB34) revealed that the cell surface expression of CysLT 1 R was enhanced 1.5-to 2-fold by the GPR17 knockdown with both constructs as compared with BMM⌽s infected by control vector construct ( Fig. 4C and Fig.  S3A ). In a parallel experiment, the LTD 4 -elicited calcium flux in the GPR17 knockdown BMM⌽s was increased in a dosedependent manner over a 1,000-fold range of the ligand concentrations as compared with BMM⌽s infected by control vector construct ( Fig. 4D and Fig. S3A ). The sensitivity for a comparable signal was increased by about 1-2 logs for each of the knockdown constructs in BMM⌽s (Fig. 4E) . Importantly, ATPelicited calcium flux (24) was similar in both GPR17 knockdown and control BMM⌽s, suggesting that GPR17 does not affect calcium flux mediated by another intrinsic receptor (Fig. 4D , Lower panels). We also observed the enhanced CysLT 1 R response to a weaker CysLT 1 R ligand, LTC 4 , with GPR17 knockdown (Fig. S3B) . These results reveal that GPR17 can negatively regulate the surface expression and function of the CysLT 1 R in macrophages.
In contrast to the enhanced CysLT 1 R expression in our knockdown studies (Fig. 4C) , cooverexpression of GPR17 did not affect the cell surface expression of CysLT 1 R (Fig. S1 A and  S2 A) . Not all potential G protein-coupled receptors expressed on the cell surface are associated with G proteins according to the allosteric ternary complex model (42) . As we overexpressed CysLT 1 R under the control of a strong promoter, the chicken ␤-actin promoter, it is likely that most of the CysLT 1 R is not associated with G proteins, and thus not functional, but still immunoreactive. Perhaps GPR17 only interacts with the functional CysLT 1 R. It is also conceivable that cooverexpression of GPR17 may stabilize the CysLT 1 R localization on the cell surface by forming heterodimers. Indeed, cooverexpression of CysLT 1 R also did not affect the cell surface expression of GPR17 (Fig. S2 A) . The knockdown study avoids the problem of induced CysLT 1 R overexpression by decreasing GPR17 transcription in the presence of a native expression system for CysLT 1 R. In this setting, there was both increased membrane expression of CysLT 1 R and its G protein-coupled calcium flux.
Viability of a GPR17-Deficient Mouse Strain.
To demonstrate that dampening of the CysLT 1 R function was a physiological role of GPR17 in vivo, we obtained a GPR17-deficient mouse strain. Although this strain is commercially available (Deltagen), its phenotypic characterization has not been reported. The targeting vector was designed so that a lacZ-neo gene casette interrupts 76 bp of the coding region on exon 2 of the mouse GPR17 (Fig.  S4A) . The genotypes of the pups from intercrossing of heterozygotes (N7, C57BL/6) determined by PCR with genomic tail DNA using GPR17 gene-specific primers and a neo gene primer demonstrated the 440-bp and 299-bp bands of the mutant and WT alleles, respectively, as illustrated for 1 litter in Fig. S4B . The ratio, homozygotes:heterozygotes:WT, was consistent with the expected Mendelian frequency, and similar numbers of male and female homozygotes were produced. The GPR17-deficient mice developed normally and exhibited no apparent clinical abnormalities up to 9 months of age. Because mouse GPR17 is abundantly expressed in the brain (35), we examined whether the lacZ-neo gene casette insertion disrupted expression of the GPR17 mRNA in this tissue. By Northern blot analysis with total RNAs, a 6-kb band was detected in the brain of WT mice, whereas the band was not detected in the sample from GPR17-deficient mice (Fig. S4C ).
GPR17 Deficiency in Mice Increases
CysLT1R-Mediated Vascular Permeability in PCA. We previously reported that the vascular leak accompanying IgE-dependent, mast cell-mediated PCA is highly dependent on the integrity of LTC 4 synthase (23) and the CysLT 1 R (24). To demonstrate a physiologic regulatory role of GPR17 in this CysLT 1 R-mediated inflammatory response in vivo, we repeated such PCA studies in GPR17-deficient mice and their WT littermates. After local sensitization of ear mast cells with 10 ng of monoclonal IgE and i.v. challenge with haptenspecific antigen, the extravasation of plasma proteins associated with Evans blue dye was markedly and significantly increased in GPR17-deficient as compared to their sufficient littermates (Fig.  5) . Furthermore, this protein leak was significantly (Ϸ80%)
blocked by pretreatment of the mice with the CysLT 1 R antagonist, MK-571. This enhanced vascular leak in GPR17-deficient mice was also evident when the dose of monoclonal IgE per ear was reduced by a log so that there was virtually no response in the WT littermates. Again, the vascular leak in GPR17-deficient mice was markedly and significantly suppressed by MK-571 (Fig. S4D) . Our findings of a lack of LTC 4 , LTD 4 , and LTE 4 recognition by GPR17 transfectants are consistent with the previous observation by Heise et al. that there was no Cl Ϫ conductance in response to LTD 4 in Xenopus oocytes when the cRNA for GPR17 was microinjected (17) . Instead, we found that cotransfection of GPR17 eliminated CysLT 1 R binding and signaling in response to a full range of LTD 4 concentrations without preventing expression at the membrane, as assessed by FACS analysis. Importantly, knockdown of GPR17 in mouse BMM⌽s increased membrane expression of CysLT 1 R and increased the magnitude and sensitivity to LTD 4 -induced calcium flux. Finally, GPR17-deficient mice showed an enhanced vascular permeability in IgE-dependent PCA as compared to their WT littermates, and this enhanced response was MK-571 sensitive. These results indicate that GPR17 is a negative regulator of CysLT 1 Rmediated responses in vitro and in vivo.
In a recent study of another class of orphan G protein-coupled receptor, Levoye et al. reported that the orphan receptor GPR50 and the melatonin 1 (MT1) receptor formed a heterodimer and showed that coexpression of GPR50 and MT1 receptor specifically abolished MT1 receptor function in the transfectants (43) . This inhibition was suppressed by deletion of a large portion of the C-terminal tail of GPR50 although the heterodimerization of GPR50 and MT1 receptor was retained, thereby suggesting that the C-terminal domain of GPR50 modulates a regulatory portion of MT1. These authors consider this finding to be an example of constitutive regulation of a receptor of the neuroendocrine system by a nonligand-binding G protein-coupled orphan receptor. Our observation that GPR17, an orphan receptor with homology to the CysLTRs, negatively regulates the expression and function of CysLT 1 R provides the initial example of such nonligand-dependent, constitutive regulation in the 5-LO/ LTC 4 synthase pathway. Importantly, we have validated this possibility by showing that in the absence of GPR17 the CysLT 1 R-mediated component of the PCA response is profoundly aggravated. Intracellular Calcium Mobilization. The 1321N1 or CHO cell transfectants and mouse BMM⌽s were labeled with fura-2, stimulated with LTC 4, LTD4, or LTE4, and assayed as described (20) .
Materials and Methods
ERK Phosphorylation. After 6 h of serum starvation, the CHO cell stable transfectants were stimulated with vehicle (ethanol) or LTD 4 at 1 M and 0.01 M for 10 min at 37°C and assayed as described in SI Materials and Methods.
[ 3 H]LTD4 Specific Binding. [ 3 H]LTD4 binding to the microsomal membranes from the CHO cell transfectants was assayed as described (20) .
Flow Cytometry. To confirm the expression of epitope-tagged GPR17 and CysLT 1R in 1321N1 cells, Alexa Fluor 647-conjugated mouse Penta-His mAb (Qiagen, 5 g/mL) and Alexa Fluor 488-conjugated mouse anti-Myc tag mAb (4A6, Upstate, 5 g/mL), respectively, was used. Rabbit polyclonal anti-CysLT1R peptide Ab (RB34, against the conserved sequence DEKNNTKCFEPPQNN of extracellular loop 3 of both mouse and human CysLT 1R, 5 g/mL) (37) and Fig. 5 . GPR17-deficient mice show markedly increased CysLT1R-mediated vascular permeability in PCA. GPR17-deficient mice (KO) and their WT littermates (WT) were sensitized with 10 ng anti-DNP IgE or saline and challenged with 100 g DNP-human serum albumin with 1% Evans blue dye. These mice had (black columns) or had not (white columns) been pretreated with MK-571. The net Evans blue dye extravasation is expressed as the mean Ϯ SE (n ϭ 8 mice per group) from 3 independent experiments. *, P Ͻ 0.01; # , P Ͻ 0.05.
allophycocyanin-conjugated donkey anti-rabbit IgG were used on CHO cells stably expressing CysLT 1R. Nonspecific rabbit and mouse IgG (Jackson Immunochemical) were used as controls. Analyses were performed on a FACSCanto flow cytometer (BD Biosciences), and data were analyzed with the FlowJo software.
Immunoprecipitation and Confocal Immunofluorescence Microscopy. Methods for immunoprecipitation with transfectants and confocal immunofluorescence microscopy with human monocytes are described in SI Materials and Methods.
Preparation of Lentiviral Particles and Infection. Five shRNA constructs for the mouse GPR17 in a pLKO1 vector (TRCN124054 -8) were purchased from Open Biosystems. Infectious viral particles were prepared by cotransfection of HEK-293T cells with each shRNA construct, a packing vector (psPAX2), and an envelope vector (pMD2.G) according to the manufacturer's protocol. The viral stocks were titrated in HT1080 cells. Mouse BMM⌽s were cultured from BALB/c mouse bone marrow cells as described (44) . BMM⌽s were incubated with viral particles in culture medium to achieve a multiplicity of infection of 10. After 24 h, the medium was replaced and the cells were cultured for an additional 48 h before the functional studies were performed.
Conventional and Quantitative RT-PCR. Methods for conventional and quantitative RT-PCR are described in SI Materials and Methods.
GPR17-Deficient Mice and Northern Blot Analysis.
Detailed information of GPR17-deficient mice and methods for Northern blot analysis are described in SI Materials and Methods.
PCA. PCA was performed in the ear of GPR17 Ϫ/Ϫ and their WT littermates as described (24) except that the intradermal dose of mouse monoclonal antidinitrophenyl (DNP) IgE (Sigma) was reduced from 25 ng to 10 or 2.5 ng. The details are described in SI Materials and Methods.
Statistical Analysis. Results were expressed as mean Ϯ SE. Student's t test was used for the statistical analysis. A value of P Ͻ 0.05 was considered significant.
